Alkaline phosphatase (ALP) is rapidly induced in the uterine subepithelial stroma after a natural or artificial decidual stimulus. During gestation ALP-specific activity peaked at Day 7 to 8 (Day 1 is day of detection of the copulation plug) followed by a rapid decline to control levels by Day 9. This elevation in enzyme activity was preceded by an 8-fold induction of a 2\m=.\6kilobase (kb) mRNA. This mRNA was not preferentially localized to implantation sites. ALP activity was detected in the placenta at Day 9 and reached maximum specific activity at Day 19. The placental ALP was also encoded by a 2\m=.\6kb mRNA. Uterine and placental ALPs were inhibited to the same extent by levamisole, L-tryptophan and homoarginine. The calculated Ki values for these inhibitors were not statistically different between the uterine and placental forms.
Introduction
Mammalian alkaline phosphatases (ALPs [orthophosphoric-monoester phosphohydrolase (alka¬ line optimum), EC 3.1.3.1]) are membrane-bound metalloenzymes of unknown function. Tissues such as small intestine, kidney proximal tubule and placenta, where a considerable degree of nutrient absorption or transport occurs, are particularly rich in the enzyme, but ALP is also found in osteoblasts, liver cells lining bile canaliculi, early embryo cells, primordial germ cells and teratocarcinoma stem cells (McComb et ai, 1979; Crofton, 1982; Butterworth, 1983) .
From extensive study of human ALPs it appears that the various tissue phosphatases are the products of at least three distinct genes that code respectively for intestinal, term placenta and the bone-liver-kidney (BLK) enzymes (Harris, 1982) . The intestinal and placental forms exhibit cer¬ tain similarities in kinetic properties such as inhibitor sensitivity, but both differ considerably in these regards from the BLK phosphatases (McComb et ai, 1979; Cofton, 1982) . Isolation and characterization of cDNAs that code for the three human types have shown that the similarities and differences in kinetic properties are a reflection of structural relationships; placental and intestinal ALPs are homologous whereas the BLK form is structurally distinct (Kam et ai, 1985; Knoll et ai, 1988; Weiss et ai, 1988; Henthorn et ai, 1988) .
In contrast to man, ALPs in a number of other mammals including the rat and mouse are apparently elaborated from only two genes. One of these codes for intestinal ALP whereas the other gene is responsible for the production of the enzymes in other tissues (Wilcox et ai, 1979; Wilcox & Taylor, 1981) . Cloned mouse cDNA for placental ALP has been used to demonstrate that the gene encoding this enzyme is identical to the gene expressed in mouse liver and kidney and in teratocarcinoma stem cells (Terao & Mintz, 1987; Misumi et ai, 1988; Thiede et ai, 1988 ). In addition, it was shown that the predicted amino acid sequence of mouse placental phosphatase has 90% homology to human liver ALP, but only 55% homology to human placental enzyme (Terao & Mintz, 1987) .
In murids, one of the earliest events following decidualization is a dramatic induction of ALP activity. This induction is localized to the decidual cells and begins at the anti-mesometrial side from which it rapidly spreads around the uterus (Finn & Hinchcliffe, 1964) . It is therefore a good marker for decidual transformation. In mice and rats, the maximal uterine activity occurs 2-3 days following blastocyst implantation after which it declines sharply (Manning et ai, 1969) . Placental ALP activity increases, however, as this organ becomes established to reach its maximum towards term. In humans the particular characteristics of placental enzyme that distinguish it from intesti¬ nal and BLK forms make it a useful marker for the third trimester of pregnancy (Sussman et ai, 1968) . In mice it is not clear whether the uterine form can be distinguished from the placental isoenzyme or whether it is the product of the same or a different gene. In this study with mice we have applied various biochemical and molecular biological techniques to study the induction of uterine ALP and to compare and contrast placental and uterine forms of the enzyme. A brief summary of some of these results has already been reported (Jahan et ai, 1988) .
Materials and Methods
Assay of ALP activity. Assays were conducted in reaction volumes of 2 ml at pH 9-5 and 30°C in 0-1 M-diethanolamine buffer containing 1 mM-MgS04 plus 2-5 mM-/>-nitrophenylphosphate as a substrate. The reaction was started by the addition of a suitable volume of enzyme (usually 10-100 pi) and continued for 10 min before termination by the addition of 1 ml 0-5 M-NaOH. The concentration of liberated p-nitrophenol was calculated from the absorption at 400 nm using the extinction coefficient of 18-6 M" ' cm" '. A unit of activity corresponds to the formation of 1 pmol product/min.
For kinetic and inhibitor studies, the reaction mixture was modified appropriately to give the required range of substrate and/or inhibitor concentrations. The inhibitors were dissolved in the diethanolamine buffer and readjusted to pH9-5 if necessary. Inhibitor data were plotted in the form of (S)/V against (1) after Cornish-Bowden (1974) . Kinetic constants were obtained from weighted regression analysis of data (Wilkinson, 1961; Shirazi et al., 1981) . Extraction of ALP. Tissue obtained from mouse uterus, intestine, kidney and placenta was homogenized separ¬ ately at 4°C in 5ml 001 M-Tris-HCl, pH 7-4, containing 1 mM-MgS04 and 10pM-ZnSO4 to which 3ml «-butanol were added. Each homogenate was stirred for 20 min at 20°C and then centrifuged at 15 000£av for 30-40 min. The separated aqueous layer containing extracted ALP was removed using a Pasteur pipette. Treatment with neuraminidase. Extracted enzyme was concentrated 10-fold in an Amicon Miniconcentrator and then 0T ml of the concentrate was added to 0-4ml 005M-acetate buffer, pH 5. Neuraminidase (0T Unit) was added and the mixture incubated for up to 30 min at 37°C. Controls, consisting of identical mixtures except that neuraminidase was replaced by buffer, were incubated in parallel. All samples were then subjected to electrophoresis.
Electrophoresis. Electrophoresis in 7-5% polyacrylamide slab gels containing sodium dodecyl sulphate was per¬ formed by the method of Laemmli (1970) . Tissue extracts were concentrated approximately 10-fold and then treated with 2% sodium dodecyl sulphate at 30°C for 3 min before being loaded onto the gel. Electrophoresis was also carried out under non-denaturing conditions, i.e. sodium dodecyl sulphate was omitted from the gel, and the enzyme samples were not pretreated with detergent before electrophoresis.
At the conclusion of the run, gels were soaked for 24 h in OT M-Tris-HCl buffer, pH 9-4, to remove the inhibitory glycine and then zones of ALP were detected by a histochemical method (Ramasamy & Butterworth, 1974 Preparation and analysis of RNA. RNA was extracted from uteri and placenta by a modification of the guanidium isothiocyanate method of Chirgwin et al. (1974) as previously described (Cheng & Pollard, 1986) . Total RNA samples (20 pg) were separated by formaldehyde gel electrophoresis, blotted onto Hybond nitrocellulose membranes (Amersham) and probed using a [32P]dCTP-labelled rat ALP cDNA clone (pRAP54; Thiede et al., 1988) as described (Pollard et al., 1987) . Blots were washed to a final stringency of 1 SSC (0T5M-NaCl, 0015 M-trisodium citrate, pH 7-4) at 52°C. Blots were re-probed with pxlrlOlA, a Xenopus ribosomal probe, to detect 28S and 18S RNA in order to use this as an internal standard for loading and transfer (Arceci et al, 1989) . After autoradiography using Kodak X-OMAT film, autoradiograms were scanned using an LKB scanning laser densitometer. Values for the ALP mRNA were expressed relative to the density of 18S rRNA band.
Animals. Mice of a closed but not inbred colony of the Schneider strain (Cheng et al., 1985) were paired overnight and inspected for a vaginal plug the following morning. The presence of a plug was used to index the first day of pregnancy. Animals were killed by cervical dislocation at the appropriate times and tissues processed as described above.
Results

ALP expression during gestation
The uterine ALP-specific activity in ovariectomized control animals was approximately 50% ofthat measured in randomly cycling animals (009 U/mg ± 002, = 6, and 0-17 U/mg ± 0-03, = 6, respectively; <005, Student's t test). During gestation statistically elevated concen¬ trations, compared to those of randomly cycling animals, of uterine ALP were detected at Day 6 (P < 0-005, Student's / test). The specific activity peaked at Day 7 of pregnancy when it was approximately 3-6-fold greater than the uterine values of randomly cycling animals. The specific activity fell by Day 9 to a level that was about double that of the ovariectomized controls but equivalent to that of randomly cycling animals. The concentration continued to decline throughout the remainder of gestation. ALP activity was detected in the placenta at Day 9 and reached a maximum at Day 19 immediately before parturition. At Day 19 the enzymic specific activity was approximately 5-fold greater than the control value in uteri of ovariectomized females.
Elevated amounts of a 2-6 kilobase (kb) ALP mRNA were detected at Day 5 of pregnancy with a peak at Day 6 (Fig. 2 ). This represented an 8-fold induction of the mRNA. On some Northern blots a minor band could also be detected at approximately 30kb. Because the RNA was total cellular RNA this could be a nuclear precursor or the product of an alternatively spliced mRNA species. There was no preferential expression of the ALP mRNA in uterine implantation areas at Day 7 or Day 8 (Fig. 2 ). Expression of an ALP mRNA of the same size was also detected in the placenta at Day 9 and the level of this increased steadily in the placenta until Day 17 (Fig. 2) .
Characterization of uterine and placental ALP
The sensitivity of ALP to a number of inhibitors was tested throughout the whole of gestation. With all the inhibitors tested, namely levamisole, L-tryptophan and homoarginine, the degree of inhibition that each produced was constant throughout the observation period ( Fig. 1, and data not shown). No differences in sensitivity between the uterine and placental enzymes were detected (Table 1) .
The nearly identical sensitivity to homoarginine is evidence that uterine and placental ALPs are structurally related. This possibility was examined further by a comparison of some kinetic proper¬ ties of enzymes extracted from uterus at Day 7 and from placenta at Day 19. ALPs extracted from intestine and kidney were also included in the examination. Uterine, placental and kidney enzymes were all inhibited potently by L-homoarginine in a classical non-competitive manner (Fig. 3) . Intestinal ALP, in contrast, was unaffected by homoarginine at the concentrations tested. The calculated K¡ values obtained for uterus and placenta were nearly identical but differed a little from the value for kidney. Km values towards />-nitrophenylphosphate differed, with the kidney enzyme having a value intermediate between uterine and placental forms (Table 2) . After overnight dialysis of the uterine extract against 001 M-Tris-HCl buffer pH 7-6 to remove Mg2+ from the extract, uterine ALP was stimulated 3-4-fold by the addition of up to 2 mM-Mg2 + . Downloaded from Bioscientifica.com at 12/07/2018 12:03:48PM via free access (3) 86-2 + 0-6 (4) 85-8 ± 0-5t (4) The values are mean + s.e.m. for the no. of observations in paren¬ theses, calculated from data obtained for Days 5-9 and 9-19 for uterus and placenta respectively. tNot statistically different from the uterine value. Placental and uterine enzymes migrated as single bands with the same mobility in sodium dodecyl sulphate polyacrylamide gels. Both of these forms could be distinguished from kidney and intestinal enzymes (Fig. 4a ). On electrophoresis in non-detergent polyacrylamide gels, however, although the uterine (Fig. 4b ) and kidney (data not shown) enzymes migrated as a single zone ofactivity with the same mobility, the placental enzyme separated into 2 components with most of the activity being detected as a faster moving band. After digestion with neuraminidase for 15 min, the placental and uterine enzymes appeared as single zones with comparable but slower mobilities (Fig. 4b) . In detergent-containing gels (Fig. 4a ), the placental enzyme, which had not been exposed to neuramini¬ dase, migrated as a single band, supporting the conclusion reached from the neuraminidase experiments that charge difference is the cause of heterogeneity seen in non-detergent gels. (lanes 1 and 4) , Day-18 placental (lanes 2 and 5) and Day-19 placental (lanes 3 and 6) ALP. Before electrophoresis samples were incubated for 15 min with (lanes 1-3) or without (lanes 4-6) neuraminidase. After electrophoresis in (a) and (b), gels were soaked for 24 h in OT m-Tris-HCl, pH 9-4, and then the zones of ALP were detected as described in the 'Materials and Methods'. All gels were run at least 3 times with similar results.
Discussion
Decidualization causes an elevation of ALP-specific activity which attains a peak 2-3 days after implantation. This pattern is similar to that reported for rats (Manning et ai, 1969) and mice (Finn & Hinchcliffe, 1964; Hall, 1969; Murdoch et ai, 1978) . The induction of enzyme activity was pre¬ ceded by an elevation in a 2-6 kb ALP mRNA which reached a peak 8-fold over the control level at Day 6. Manning et al. (1969) were unable to inhibit the elevation of ALP-specific activity induced by traumatizing progesterone-primed rat uteri with inhibitors of transcription (actinomycin-D), replication (5-flurodeoxyuridine) or translation (cycloheximide, chloramphenicol) . This led these workers to postulate that the ALP induction was due to post-translational activation of a pre¬ existing pro-enzyme. It is unclear why these inhibitors did not prevent the ALP rise because the present studies show that there was a clear elevation of ALP mRNA correlating with the induction of ALP activity. 5-Flurodeoxyuridine and inhibitors of protein synthesis that inhibit DNA synthe¬ sis as a consequence of their actions also failed to reduce the decidual response in the studies of Manning et al. (1969) , despite the fact that decidualization involves substantial cell proliferation (Hall, 1969; Das & Martin, 1978) . No measurements of the degree of inhibition of protein or RNA synthesis were performed by Manning et ai (1969) . Since it is difficult to reduce RNA synthesis profoundly when actinomycin-D is adminstered systemically (Pollard et ai, 1976 ) the most likely resolution of the paradoxical data is that the inhibitors failed to reach effective concentrations for sufficiently long duration to inhibit ALP mRNA accumulation and translation. Alternatively, it is possible that the traumatization of the uterus used by Manning et al. (1969) to induce decidualiz¬ ation, which does not require oestrogen (Finn 1971) , might result in a different mechanism for ALP induction than that observed during pregnancy with its absolute requirement for nidatory oestrogen (Finn, 1971) .
The decidual specific expression of ALP (Finn & Hinchcliffe, 1964; Manning et ai, 1969; Hall, 1969) , however, does appear to be governed by regulatory mechanisms over and above the induc¬ tion of ALP mRNA. ALP mRNA was not preferentially localized to implantation sites even though enrichment of the mRNA for another decidual marker, the colony stimulating factor-1 receptor, was observed in these areas (Arceci et ai, 1989) . This suggests that expression of ALP is regulated either by the specific translation of the ALP mRNA in the decidua, or the deciduaspecific activation of a newly synthesized pro-enzyme as suggested by Manning et ai (1969) . From genetic and molecular genetic studies of mice, placental ALP appears to be encoded by the same gene that encodes the BLK form of the enzyme (Wilcox & Taylor, 1981; Terao & Mintz, 1987; Thiode et ai, 1988) , the intestinal enzyme being derived from a separate gene. The major human placental form, however, can be distinguished from the human BLK form by its mRNA size (3-0 vi 2-6 kb; Ovitt et ai, 1986) , its sensitivity to specific inhibitors (McComb et ai, 1979; Crofton, 1982) and its nucleotide sequence (Ovitt et ai, 1986) . The human placental form therefore appears to be more evolutionarily recent than the rodent divergence (Harris, 1982) and produced by a duplication and divergence of the intestinal specific gene (Ovitt et ai, 1986) . Mouse uterine ALP mRNA is 2-6 kb. This is the size of mouse placental ALP mRNA reported in this study and in the study by Terao & Mintz (1987) . Therefore, based on mRNA size, inhibitor (particularly homo¬ arginine) sensitivity, and SDS polyacrylamide gel electrophoretic mobility, uterine and placental ALP are in the same class of enzyme. Thus, by these criteria, as well as the pronounced stimulation of uterine ALP activity by Mg2 + , a characteristic of the BLK form of the enzyme, uterine ALP is derived from the same gene as the BLK enzyme. Despite their assumed common primary sequence, however, it is possible to distinguish the uterine enzyme from the placental form by non-denaturing gel electrophoresis. Under these conditions the placental enzyme exhibits a fast and slow electro¬ phoretic form which both have mobilities different from that of the single uterine band. These forms are distinguishable because of their sialic acid content, since neuraminidase treatment before electrophoresis resulted in the uterine and placental forms exhibiting similar, but slower, mobilities on non-denaturing gels. These results further support the conclusion that these isoenzymes are all derived from the same primary translation product. The difference in sialic acid content may, however, explain the difference in Km between uterine and placental ALP. This ability to distinguish between the placental and uterine ALP isoenzymes on non-denaturing gels may prove to be useful as a cell marker in fractionation procedures designed to enrich for either decidual or placental cells.
